Nickel nanowire and nanotube arrays as supports for Pt-Pd catalyst were prepared by electroless deposition with anodic aluminum oxide template. Pt-Pd composite catalyst was deposited on the arrays by displacement reaction. SEM images show that the nickel nanowires have an average diameter of 100 nm and the nickel nanotubes have an average inner diameter of 200 nm. EDS scanning reveals that elemental Pt and Pd disperse uniformly on the arrays. Cyclic voltammetry study indicates that the nickel nanotube array loaded with Pt-Pd possesses a higher electrochemical activity for ethanol oxidation than the nickel nanowire array with Pt-Pd.
I. INTRODUCTION
Ethanol, as one kind of alcohol liquid fuel, has been investigated widely in recent years because of its low toxicity and abundant raw materials [1] . Catalysts based on Pt and Pd are recognized as the best [2] and have been extensively studied for ethanol electrooxidation [3] . However, Pt and Pd have a limited supply and high cost [4] . Increasing studies are focused on the development of the supports for Pt and Pd catalysts [5, 6] . Carbon supported Pt and Pt-based alloys are investigated widely as the electrocatalysts for the oxidation of methanol and ethanol [6, 7] , but they are faced with substantial problems, such as the low electrocatalytic activity for the alcohol oxidation [8] . Nanostructure materials as the catalyst or the supports of the catalysts have intrinsic advantages due to their extremely high surface-to-volume ratios [8] . Anodic aluminum oxide (AAO) template is versatile for preparing nanostructures [9−11] . Pt nanotube array (NTA) and Pd nanowire array (NWA), as the catalysts for ethanol electrooxidation, have been electrodeposited with AAO template [8, 12] . Whereas electrodeposition has some drawbacks in the manipulation, for example, a metal film have to be deposited on one side of the template in advance [13] . Electroless deposition can overcome the deficiency, as reported that nickel NTA has been prepared by electroless deposition with AAO template [13] .
In the present work, nickel NWA and NTA were fab- * Author to whom correspondence should be addressed. E-mail: yangpeixia@hit.edu.cn, Tel./FAX: +86-451-86418616 ricated by electroless deposition with AAO template. The electrocatalytic activity of Pt-Pd composite catalyst, deposited on the arrays by displacement reaction, has been investigated for ethanol electrooxidation in alkaline media.
II. EXPERIMENTS
The nickel NWA and NTA were prepared by electroless nickel deposition with AAO template. Firstly, sensitization and activation were carried out at 25
• C for 1 min in the solution of 0.3wt%SnCl 2 +2.5wt%HCl, and in the solution of 0.1wt%PdCl 2 +1wt%HCl, respectively. Then electroless nickel deposition was realized in the solution composed of 20 g/L NiSO 4 , 25 g/L NaH 2 PO 2 , and 2 µg/mL Pb(NO 3 ) 2 at pH=4−5 and 70
• C. Subsequently, a nickel layer was electrodeposited on one side of the template to support the NWA or NTA when the AAO template was removed. Lastly, the AAO template was dissolved in 2 mol/L NaOH solution, which produced the free-standing nickel NWA or NTA. Pt and Pd were simultaneously deposited on the two arrays by the single-displacement reaction between nickel metal and the solution consisting of chloroplatinic acid and palladium chloride.
The morphology of nickel NWA and NTA was observed by scanning electron microscopy (SEM, KYKY-EM3200). The electrochemical measurements were performed in a typical three-electrode cell with the calomel electrode (Hg/Hg 2 Cl 2 ) as the reference electrode and a platinum sheet as the counter electrode. The working electrode has a macroscopic area of 0.1 cm 2 . All the nickel support, electrodeposited before removing AAO template, on the working electrode was covered by epoxy resin, in order to make only NTA or NWA be exposed to the electrolyte. The electrolyte used for the measurements was 1 mol/L KOH solution or the solution of 1 mol/L KOH+1 mol/L C 2 H 5 OH. Argon gas was pumped into the solutions for 30 min before each experiment.
III. RESULTS AND DISCUSSION
The deposition procedure of nickel metal in the AAO template is similar to that reported by Li et al. [14] . After submerging activated AAO template with throughhole into the electroless bath, nickel first nucleates on the Pd active sites and then the nucleuses grow to form a layer covering the inner wall of the holes. The formation of nickel nanowires or nanotubes is controlled by the pore size of the AAO template used and the deposition time. Small pore size combined with long deposition time advantages the formation of nanowire. As displayed in Fig.1 (a) and (b), highly ordered nickel nanowires with an average diameter of 100 nm were produced. The template used had an average pore size of 100 nm, and the deposition time was 40 min. The nanowires with the average height of 15 µm can freestand together as an array, which indicates that the wires possess a good mechanical strength. On the other hand, relatively large pore size combined with short deposition time results in the formation of nanotubes. The AAO template with a pore size of about 250 nm was used to construct the nickel NTA, whose SEM images are shown in Fig.1 (c) and (d) . The deposition time was 30 min. The uniform nickel nanotubes have an average inner diameter of 200 nm and a wall thickness of about 50 nm. The height of the NTA is about 20 µm, exhibited in the inset of Fig.1(d) . At the edge of the array, there are some broken nanotubes caused in the preparation process of the sample.
The Pd and Pt were simultaneously deposited on the two arrays by simply submerging the NWA and NTA into the solution of 0.1 g/L H 2 PtCl 6 +0.04 g/L PdCl 2 for 5 min. Both arrays keep its original morphology after depositing Pd and Pt on them as displayed in Fig.2 (a) and (d). Figure 2 shows the EDS scanning results of Pd and Pt deposited on the surface of the nickel NWA and NTA. The bright green dots, representing the detected metallic element, disperse uniformly on both arrays. The small circles (see the red circles in Fig.2 (b) , (c), (e), (f)) were caused by the quicker displacement reaction at the top edge of the nickel NWA or NTA. In addition, the density of the bright dots in Fig.2 (b) and (e) for Pd is obviously larger than that in Fig.2 (c) and (f) for Pt, which indicates more Pd was deposited on both arrays, although the PdCl 2 has a lower concentration than that of H 2 PtCl 6 in the solution. This result may be attributed to two reasons: (i) the different numbers of electrons between the two displacement reactions, (ii) the residual Pd in the activation process before the electroless nickel deposition.
Cyclic voltammetry of the nickel NWA and NTA loaded with Pt-Pd was measured in 1 mol/L KOH solution and in 1 mol/L KOH+1 mol/L C 2 H 5 OH solution. Figure 3 shows the cyclic voltammograms obtained from the two solutions. The Pt-Pd composite catalyst on both arrays was deposited in the same condition as de- In this potential range no anodic peak appears in the cyclic voltammograms of the nickel plate, nanowire, and nanotube in 1 mol/L KOH+1 mol/L C 2 H 5 OH solution (see Fig.3(c) ). The humps between −0.70 and −1.10 V in the cyclic voltammograms of the two array electrodes ( Fig.3(a) ) result from the desorption of atomic hydrogen on the Pt-Pd composite catalyst. The coulombic charge for hydrogen desorption (Q H ) corresponds to the area of the humps with reduction of the double layer region, and is proportional to the electrochemically active area of the catalysts [15] . The nickel NTA electrode has a Q H of 5.90 mC/cm 2 larger than that of 1.35 mC/cm 2 of the nickel NWA electrode, most likely due to different structures between the two arrays. According to Fig.3(b) , the onset potential (where the current density reaches 10% of anodic peak current density [16] ) of the ethanol oxidation on the NTA array electrode with Pt-Pd is −0.65 V, which is 50 mV more negative than that on the NWA array electrode (−0.60 V). Meanwhile, the voltammogram on NTA has a four times higher anodic peak current density (41.24 mA/cm 2 ) than that (10.06 mA/cm 2 ) on NWA. These results demonstrate that nickel NTA loaded with Pt-Pd shows a much higher activity than nickel NWA with Pt-Pd in alkaline media.
IV. CONCLUSION
Highly ordered nickel NWA and NTA were fabricated by electroless deposition with AAO template. The nickel nanowires have an average diameter of 100 nm, and the nickel nanotubes have an average inner diameter of 200 nm. The Pd and Pt were simultaneously deposited on the arrays by simply submerging the NWA and NTA into the solution with 0.1 g/L H 2 PtCl 6 + 0.04 g/L PdCl 2 . EDS scanning results reveal that Pd and Pt disperse uniformly on the two arrays. The nickel NTA with Pb-Pt has a higher electrochemical activity than the nickel NWA loaded with Pb-Pt. 
